Sustainable drainage systems (SUDS) offer many benefits that traditional solutions do not. Traditional approaches are unable to offer a solution to problems of flood management and water quality.
INTRODUCTION
Diffuse pollution has been recognised as a significant threat to achieving good status under the Water Framework Directive (WFD) (CEC ); indeed in the UK, the Environment Agency (EA) and Natural Resources Wales has estimated that diffuse pollution poses a greater risk to rivers, lakes and ground waters than point source pollution (Environment Agency ). Whilst there has been steady progress in addressing point sources such as industrial sites and wastewater treatment works, diffuse sources have proved much harder to tackle. Sources of diffuse pollution can be difficult to locate and control, particularly in urban areas which are spatially and temporally dynamic (Lundy et al. ) .
There are not necessarily clear processes in place to tackle urban diffuse pollution as it originates from a wideranging base including atmospheric deposition, wear and tear of cars, car washing, roof runoff and especially industrial estates. If research can demonstrate the benefits of acting on defined sources, then this may go some way in facilitating informed discussions between the different stakeholders so a clear, proportionate response to urban diffuse pollution can be made. A geographic information system (GIS) allows geospatially referenced datasets to be combined to overlay consideration of multiple issues affecting the same geographic location. The combined dataset allows consideration of a range of different parameters in a consistent way to inform decision making for any specific geographic location at a range of scales. This paper describes a GIS tool that rapidly identifies areas contributing to different types of pollution and identifies sourcepathway-receptor relations. The outputs of the GIS allow locations to be screened for the suitability of sustainable drainage systems (SUDS) to be applied to mitigate pollution.
MATERIAL AND METHODS
A number of readily available industry standard georeferenced datasets, such as vector map datasets produced by Ordnance Survey, and pollution sampling information captured by the EA have been used during the screening process. These GIS layers allow the locations of various constraints to be mapped and their spatial relationships identified. The authors used the same GIS approach for flood risk management and identification of opportunities to retrofit SUDS in order to reduce flood risk and improve capacity within the existing drainage network (Breton et al. ) . That approach forms the basis for this work. The GIS tool has successfully been applied on a variety of projects for clients including water companies and local authorities in the UK, and provided a framework for development to incorporate water quality considerations. The existing tool operates at a variety of scales using georeferenced datasets to identify both large-scale opportunities to remove storm water from the combined sewer network, as well as individual dwelling-scale opportunities. Constraints such as underlying geology, distance to receiving open spaces, presence of floodplain, availability of nearby watercourse to discharge to, and location of utility services are considered through specified geospatial criteria. This information is then considered against data on land uses, location of flooding and pollution incidents, sewer records and catchments, WFD water quality classification, storm water drainage and highways drainage discharge points, etc. Different types of SUDS are screened for their suitability for each target location, and costs derived for the installation and annual maintenance of each SUDS. Costs have been calculated based on national CIRIA (Construction Industry Research and Information Association) guidance (CIRIA ) and estimates provided by a quantity surveyor for SUDS in London. These allow estimates of potential costs to be provided, along with an indication of comparative costs of different options.
The tool uses GIS techniques to identify different land uses and associated sources of pollutants. Once sources are identified, they are assigned to fluvial or sewer catchments, depending on whether the site drains to the sewer The tool has the functionality to obtain a list of suitable SUDS depending on site constraints. SUDS treatments are selected from the toolkit to target reduction of specific pollutants from the source, or to effect a wide-ranging improvement in water quality. Suitable SUDS techniques are selected for each site depending on the site constraints and are selected based on the treatment efficiency of each SUDS (Stenstrom & . This allows SUDS to be selected to provide the best treatment at source, site and regional level. Geospatial analysis of large areas also allows strategic planning of SUDS, with the potential to create large-scale SUDS treatment trains to provide a broad spectrum of water quality improvement. Once potential locations have been identified, SUDS are sized based on the treatment required, and the size of area contributing runoff to them. The appropriately sized SUDS are then costed using the previously described functionality of the tool.
Where the pollutant of interest is known, the outputs of the tool highlight and isolate the areas contributing the pollutants (Scenario 1); alternatively the tool can be used to identify likely pollutants at a receiving location (Scenario 2). In the first scenario, the contaminant load database can be used to identify types of land use contributing high levels of the pollutant of interest. The contaminant load database was compiled from a literature review ( The contaminant load database thus forms the primary method of identifying potential contaminant sources, subject to the findings of a historic analysis of potential sources of contaminants. Areas of the land uses of interest that drain to the point of interest can then be quickly and easily identified.
Case study 1: pollutants known
In the example in Figure 1 , analysis of sediment from a lake had indicated high levels of zinc and cadmium in the silt, corresponding to scenario one outlined above where the pollutant of interest is known. The project objective was to identify SUDS options that enabled both source control and regional treatment, with particular focus on sediment control and reduction in heavy metal loads. The pollutant database developed through the literature review indicated that the surrounding road networks were likely to be significant sources of both zinc and cadmium, through dust from brakes Marsalek & Viklander ). A review of historic land use indicated little potential for aerial sources of either metal, and therefore a gradual build-up of concentrations from historic aerial sources was discarded. As highways are the likely source of the metals found in the sediment, it was likely that they will also be the source of the sediment itself, although some sediment was likely to be from decomposed leaf fall and other vegetation around the pond itself.
Case study 2: pollutants unknown
A more complex example of where pollutants are not known can be demonstrated through application of the tool to a series of seven industrial estates in the Midlands of England. The study area was a small urban conurbation containing a number of industrial estates discharging storm water to a receiving watercourse which passed through a Site of Special Scientific Interest and was thought to fail WFD water quality targets.
Land uses around the catchment were identified and potential diffuse pollution contributions were clustered. This was achieved through a GIS analysis which also merged with GIS sewer records and catchments, WFD water quality classification, storm water drainage and highways drainage discharge points. Combining this data enabled both geospatial representation of the different potential sources of diffuse pollutants and alignment of the sources to the areas with worst water quality. The Flood Estimation Handbook (CEH ) was then used to identify fluvial catchment outlines, and GIS layers of sewer catchments to define sub-catchments.
The sub-catchments were overlain on the GIS analysis to identify potential sources, which were then screened to identify potential commercial/industrial areas for targeted retrofitting of SUDS. Different land use areas were assigned associated risks of pollution, categorised into low, medium and high risk areas in line with a previously developed methodology ( Figure 2 ) for assessing risk of storm water pollution from different industrial estates across Scotland (Todorovic et al. ) . Industrial estates were split into zones created by an analysis of where industrial area drainage discharges to the watercourse. This analysis was based primarily on sewer system records provided by the water company and the site visit which confirmed outfall locations. Each zone was then assessed for its potential to contribute pollutants to the watercourse, through visual inspection during the site visit and analysis of aerial photography.
General approach
The industrial estates were first classified into high, medium and lower risk zones, where each zone was a discrete industrial estate or collection of buildings and surrounding hardstandings. The classification was undertaken based on observations from the site visit of the type of industry being undertaken in each zone, and also the state of the buildings and work areas at each. Following on from this general classification, storm water contamination risk arising from trader activities was prioritised in accordance with the following hierarchy.
High risk (red): contamination is very likely to occur. These areas are usually related to inadequate site management practices on site that affect areas of chemical and material storage and areas of operational spill risks. Key hot spot areas on industrial estates are storage and service yards, contaminated land and any areas with illegal waste disposal and general industrial litter. Also sewer misconnections are considered high risk of contamination with raw sewage and the possibility of blockages in the storm water drainage network and related risk of localised flooding. Medium risk (amber): contamination is likely to occur.
Traders' operations and other site activities identified as having medium risk need to be checked on site and further reference literature data need to be gathered to assess the requirement for treatment by SUDS. These areas include mainly car parks and roads. Key activities that bring attention to possible storm water pollution are ad hoc uncontrolled car washing, vehicle movement and impermeable storm runoff during a storm event. Lower risk (green): contamination is not likely to cause concern; no further studies required. Usually these areas are associated with roofs and building sidings (depending on the type of materials and age, they could be considered as medium risk) and landscape areas. Additionally, storage and service yards of well-managed traders that can give rise to some residual diffuse pollution are considered low risk areas.
SUDS are suitable pollution mitigation measures for low to medium risk areas of pollution. That means that they could assist in mitigating pollution from a typical light industrial estate which is well managed and has no historical problems with contamination. Lack of, or insufficient pollution mitigation measures, for high risk areas could jeopardise the efficiency of the SUDS measures applied for the site in general. Consequently the recommendations for high risk estates include the introduction of best management practice training and information to reduce the overlying risk from high to medium; so ponds and other SUDS become a suitable mitigation approach.
RESULTS AND DISCUSSION
Case study 1
The screening indicated a number of potential SUDS locations to treat the pollutants associated with highways sources. The primary location identified was a paddling pool located upstream of the lake. This area was used to divert low flows from the incoming stormwater sewer and to serve as a pretreatment for the first-flush volume, which contains a high proportion of pollutants and sediment. Consequently the incoming flows to the lakes could be directed to the paddling pool area to settle out and undergo bioremediation. In addition, a part of the lake/wetland was designed to be a forebay to allow settling of sediment and easy de-siltation of that area in the case where higher flows bypass the pretreatment area and bring sediments to the lake. This solution made good use of the existing feature to provide a catchment-scale SUDS option, mitigating sediment and metals from all sources upstream of the paddling pool. With respect to maintenance, research on lakes in Scotland (Heal et al. ) indicated that removal of sediment from ponds is likely to be driven by loss of volume due to siltation rather than concerns over aquatic environment quality. This has the benefits of reducing the required maintenance frequency and minimising disturbance to the lake environment.
In addition to the regional-scale control identified above, opportunities for site and source controls via an open space at some other areas along the road network have been identified. These areas were examples of small areas of natural surface adjacent to the highway, which could be used for SUDS tree planters. Whilst small in size, the combination of many of these SUDS, installed as the road or pavement area is resurfaced or maintained, would contribute over time to reductions in sediment loads and improvements in water quality downstream of the locations at which they are installed. Porous pavements, tree planters or filter drains were deemed particularly suitable for these densely populated areas, where use of large swales or ponds is prohibited due to limited availability of land.
Once solutions had been selected and correctly sized, CIRIA () guidance and estimates from quantity surveyors for unit costs were applied to generate estimates of the cost of retrofitting the selected SUDS. These provided a useful indication of the potential scheme costs, although they remained subject to site-specific investigations to identify any remaining constraints.
Case study 2
Seven industrial estate zones were identified as potential sources of pollutants, based on their likely drainage. Following application of the previously described approach, classifications of land use were made as shown in Figure 3 . This then informed the choice of SUDS to address likely pollutant from each unit.
A range of SUDS were applied as source or site control options, taking advantage of existing features where possible. Primarily, disconnection and green roofs were considered for buildings, with filter drains and permeable paving used for yard areas, car parks and road surfaces where appropriate. Ponds and bioremediation areas were used with swales to offer regional solutions at four of the estates. The site control SUDS proposed for the industrial estates utilise existing ditches and ponds as the basis for the SUDS treatment to provide treatment to a wide range of potential pollutants. The ditch at the industrial estate shown in Figure 3 was in very poor condition and contained large amounts of detritus. A distinct odour at this location also indicated the likelihood of misconnections discharging in to the ditch. These would need to be addressed before using the ditch and pond for SUDS. The pond volumes were checked to ensure that they were of a suitable size to treat the first flush of pollutants from the respective industrial estates (using a first-flush rainfall depth of 12.5 mm (Todorovic et al. ) . The inclusion of programmes to disconnect roofs to soakaways and introduce filter drains and permeable paving where appropriate would reduce the runoff to the ponds and offer an important level of source control, providing a preliminary treatment before the potentially heavily polluted flows reach the ponds.
As with case study 1, unit costs for each type of SUDS generated from CIRIA () and quantity-surveyed estimates were applied to the correctly sized SUDS to generate costs for installation of the proposed schemes.
For the trading estate in Figure 4 , a combination of a pond and two bioremediation areas was included. These were sized based on the total first-flush runoff that may be expected. The areas of blue shading are proposed to be treated with filter drains located to treat run off, providing a first level of treatment for these areas.
CONCLUSIONS
This work represents a step forward in rapidly identifying and quantifying pollutants and identifying suitable mitigation measures to tackle identified pollutants, with particular focus on the requirements of the European WFD. The tool allows both a detailed analysis of small areas such as industrial estates and their surrounds, and large-scale screening of towns and regions.
Two different applications of the tool are presented. Firstly, where the pollutant of interest is known, the outputs of the tool highlight and isolate the areas contributing the pollutants, and suggest the adequate SUDS measures to meet the required criteria. Secondly, where the tool identifies likely pollutants at a receiving location, SUDS measures are proposed to reduce pollution with assessed efficiencies.
The tool could be used to compare different options for their efficiency in terms of cost, land use and treatment. Additionally, the use of costing data for different types of SUDS means the costs of various treatment approaches can be generated at an early stage to allow funds to be secured.
